We report the coiled-coil structure of DNA, which is generated by the dodecanucleotide d(ATATATATATAT). The structure has been determined by single-crystal x-ray crystallography. The molecules form duplexes with single-stranded overhangs, which associate with neighbor molecules and give rise to infinite double helices in a coiled-coil conformation, with staggered nicks in both strands. The coiled coils have six dodecamer duplexes per turn. Despite the presence of nicks, the structure is very rigid. Statistical disorder is present, which gives rise to continuous scattering along the layer lines. This observation can be interpreted by the classical theory of coiled coils developed for proteins, which we apply here to a DNA structure. A clear splitting of the original layer lines of the DNA double helix is detected. The structure we have found adds a previously unrecognized element to the architectures that can be built from DNA oligonucleotides. Any duplex with complementary single-strand overhangs should be expected to give rise to regular coiled-coil structures.
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oligonucleotides ͉ x-ray crystallography A nalysis of the human genome sequence has confirmed the presence of extensive noncoding regions (1) . Such regions are also present in practically all eukaryotic genomes, but their biological role is unclear. Interestingly, in most cases, they are rich in AT base pairs. Centromeres and pericentromeric regions (2) , introns (1), scaffold associated regions or matrix attachment regions (3), gene deserts (1, 4), complex genes (4), and some satellites (5) are all very rich in AT base pairs. It appears therefore of interest to study the structural features of DNAs that contain such sequences.
In contrast with the abundance of A⅐T base pairs in extensive regions of the genome, there is no structure available for any protein interacting with a DNA fragment that only contains A⅐T base pairs. There are also few structural studies of oligonucleotides with such sequences. Only the alternating fragments d(ATAT) (6) and d(ATATAT) (7, 8) have been crystallized. Based on the structure of d(ATAT), an alternating model of DNA was proposed (9) . The structural alternation was later confirmed in crystallized oligonucleotides (10) , although the details of the structure were different. d(ATATAT), however, crystallizes as a duplex structure with Hoogsteen base pairs (7, 8) . Fiber diffraction studies have also shown that AT sequences are strongly polymorphic (11) . In particular, it has been known for a long time that poly[d(AT)], under certain conditions, forms a duplex with eight base pairs per turn, the D form of DNA (12) . The polymorphism of AT-rich DNA is also apparent from melting (13) and NMR studies (14) , which suggest additional conformational transitions. In view of this situation, we have studied the crystallization of a longer sequence, the dodecamer d(ATATATATATAT). We expected that it would form a standard crystalline structure similar to that found in most dodecamer crystals. Instead, we have found that it forms very stable coiled coils, a kind of DNA structure that had not been previously crystallized. Unfortunately, the crystals contain a large amount of solvent, so the resolution achieved is not sufficient to ascertain whether the duplexes obtained are in the Hoogsteen conformation.
The supercoil conformation of DNA is well known from studies of circular molecules. The DNA in the nucleosome also forms a supercoiled structure. DNA oligonucleotides may also associate by following a helical path in some protein͞DNA complexes (15) . However, no studies are available of isolated, regular, continuous coiled-coil DNA molecules. Ropes formed by supercoiled ␣-helices, though, are a classical biophysical model. In particular, the model has been used in the study of keratin (16) . In the diffraction pattern of oriented molecules, the additional helical distortion of the original helix results in a clear splitting of the layer lines (17) . This behavior is clearly apparent in the diffraction patterns we have obtained from the DNA molecules reported here.
Materials and Methods
Synthesis and Crystallization. The self-complementary deoxydodecanucleotide d(ApTpApTpApTpApTpApTpApT) was synthesized on an automatic synthesizer by the phosphoramidite method and purified by gel filtration and reverse-phase HPLC. The ammonium salt of the dodecamer was prepared by ion exchange chromatography.
The oligonucleotide was crystallized at 13°C by using the hanging-drop vapor diffusion technique and 2-methyl-2,4-pentanediol as a precipitant. Crystals were obtained from several solution conditions: 0.30-0.40 mM oligonucleotide duplex, 20-63 mM sodium or potassium cacodylate buffer (pH 6-7), and 1-2 mM spermine tetrahydrochloride, with or without any of the following additives: 3-39 mM thymidine, 2.5 mM barium chloride, 20 mM potassium chloride, or 10 mM manganese chloride. Crystals of at least three different types were obtained in any of these conditions. Long, flexible needles gave rise to fiber-like diffraction patterns. Hexagons and irregularly shaped crystals in the 100-to 200-m size range diffracted to Ϸ5-Å resolution. In some of our trials, we added thymidine to the crystallization drops because, in the crystals of the Hoogsteen form, this base is found in the minor groove (7) . However, the addition of thymidine had no appreciable influence on the diffraction pattern of the crystals obtained.
We also obtained crystals in the presence of netropsin. We found that the drug induces a change in the structure, which could not be modeled accurately at the time of this study.
Data Processing. Diffraction data were measured with cryocooling at 110 K at the European Synchrotron Radiation Facility in the Spanish beamline BM16. Bragg reflections were processed and scaled with DENZO (18) (19) .
of Bragg reflections and layer lines with continuous diffraction. The Bragg spots have a maximum resolution of Ϸ5 Å, and they can be indexed on a P6 1 unit cell with a ϭ b ϭ 27.86 Å and c ϭ 218.6 Å. These parameters correspond to a cell that contains a stack of six dodecamers with their positions related by the helical 6 1 symmetry, equivalent to 72 bp per unit cell. The volume per base pair is 2,047 Å 3 , which indicates the presence of a large amount of solvent (Ϸ75%) in the crystal structure, a fact that explains the comparatively low resolution that we have observed in the diffraction patterns. The continuous layer lines appear at spacings that correspond to the 218.6-Å repeat. In Fig. 1 , it is apparent that the stacking reflections (at 3.25 Å) are found at both sides of the meridian, indicating that the DNA duplexes are inclined Ϸ19°from the meridional or c direction. (The values given are those of a crystal that contains Mn 2ϩ ions. Dimensions vary Ϸ1% in crystals obtained with different ionic compositions.)
We interpret the diffraction patterns observed as being due to a mosaic structure: crystalline regions that give rise to the Bragg spots and partially disordered regions in which the molecules are randomly displaced by vertical and rotational movement. The dimensions of the molecules appear to be the same in both regions, because the c spacing of the Bragg reflections and of the continuous layer lines is identical. The relative content of crystalline and partially disordered regions shows moderate differences in each specimen. In some cases, the streaks have discontinuities, which indicates some sampling that is probably due to a moderate degree of order in the disordered regions. An example is apparent in the right-hand edge of Fig. 2 .
Given the sequence of the oligonucleotide, the DNA duplexes are organized in a staggered fashion and thus give rise to a continuous DNA double helix with nicks in both strands, as shown in Fig. 3 . Nicks in either strand could be located at distances of 2, 4, or 6 bp. Positional disorder of strand breaks cannot be ruled out. With the resolution available, it is not possible to distinguish between these possibilities. In any case, it is likely that there is a unique structure present, at least in the crystalline regions, because clear Bragg reflections are present.
To build a model, we take into account that one dodecamer occupies a height of 218.6͞6 ϭ 36.53 Å in the unit cell. Therefore, its approximate length is 36.43͞cos19°ϭ 38.53 Å. Its projection onto the equatorial plane is 38.53 ϫ sin19°ϭ 12.54 Å. The radius of the coiled coil can be estimated from the latter value. The dodecamers are organized end-to-end and build a continuous coil as shown in Fig. 4 . The structure is constructed from a duplex with 10 base pairs and a bend formed by the 2 terminal base pairs, which generate nicks in both strands. The bends generate kinks of Ϸ18.7°. Dimensions of the coiled coil are as follows: pitch, 218.6 Å; radius, 11.8 Å; inclination, 19°; kink angle, 18.7°; dodecamers per turn, six. The kink angle between consecutive dodecamers can be calculated from sin(͞2) ϭ sin␤ sin(180͞n), where ␤ is the inclination and n is the number of dodecamers per turn. Such a model, with a straight decamer and a kink, could be considered a kinked coil. However, it is likely that the decamer part may also be slightly bent. In fact, protein coiled coils never follow a strictly helical path (20, 21) .
We can build models with both Watson-Crick and Hoogsteen base pairs. For the Watson-Crick model, the coordinates of an alternating AT sequence based on the data of Yoon et al. (10) have been used. The coordinates of Abrescia et al. (7) have been used for the Hoogsteen model.
Continuous Diffraction. The continuous diffraction can be interpreted by the same model presented in Fig. 4 . A detail of continuous diffraction near the meridian is shown in Fig. 5 . It is apparent that the continuous layer lines are organized in groups that emanate from the meridional region. A prominent group is centered around the seventh layer line, which corresponds to 30.9 Å, equivalent to the first layer line of a DNA duplex, taking into account its 19°inclination. The well defined stacking reflections at 3.25 Å, which indicate that relatively long DNA duplexes are present in the structure, are an additional feature of the diffraction patterns. For this reason, we favor the model 3 . A model of organization of the oligonucleotides in the crystal. They form duplexes with sticky ends that generate infinitely long molecules, with staggered nicks in both strands. In the figure, the distance between nicks in opposite strands is 2 bp. Similar models can be built with a separation of 4͞6 bp. presented in Fig. 3 , which would contain an approximately straight oligonucleotide decamer.
Scattering at the layer lines is centered around the 7th, 12th, 18th, 24th, etc., layer lines, which correspond to the first four layer lines of the original scattering of a continuous DNA duplex. The 18th layer line region is significantly weaker than the rest. The coiled-coil structure results in a splitting of the layer lines of the original double helix.
In Fig. 5 , we also present the continuous diffraction for the coiled-coil model shown in Fig. 4 , calculated with FIBREHELIX (19) . The program allows adjustment of the radius of the coiled coil, so that the maxima of continuous diffraction coincide with the experimental positions. The average radius was found to be 11.8 Å. We observed a much better agreement with the Hoogsteen model, with the minor groove at the center of the dodecamer oriented toward the helical axis. The Watson-Crick models gave much stronger 6th and 12th layer lines, whereas the Hoogsteen model gave a very reasonable agreement with the experimental pattern, as is clearly apparent in Fig. 5 . A comparison of the intensities of some layer lines for both models has been presented in ref. 19 . Changes in the conformation of the two terminal bases had no appreciable influence on the calculated pattern shown in Fig. 5 .
Discussion
Our work shows that the dodecamer d(ATATATATATAT) is organized in duplexes with cohesive ends, as shown in Fig. 3 . The dodecamers form infinitely long duplexes, with staggered nicks in each strand, and crystallize as two different types of coiled coils, depending on the presence of netropsin. Netropsin, which binds to the minor groove, gives rise to a coiled coil that has not yet been accurately modeled.
Single-strand breaks are considered to maintain DNA practically unperturbed (22, 23) , as has been recently confirmed in a detailed study (24) . However, in some cases it has been found that particular sequences may originate curvature at single nicks (22) . In our case, the single-strand breaks are present in both strands in a staggered fashion (Fig. 3) , a fact that apparently gives rise to the coiled-coil structures we have observed. Nicks in DNA are a recurrent feature during DNA replication, repair, restriction enzyme action, etc. Under such conditions, local supercoiled structures may be formed. Some proteins also prefer binding to supercoiled DNA (25) . In any case, the structures we have found add a previously unrecognized element to the numerous architectures that can be built from DNA oligonucleotides (26) . The structures also confirm the polymor- phism of AT-rich sequences. We should also note that the oligonucleotide octamer d(CGCTAGCG) forms a supercoiled structure in crystals (27) . However, the structure is quite different from the coiled coils reported here, because it is not continuous. Independent duplexes interact with its neighbors through the terminal CG sequence, as is frequently found (28) in crystals with such a terminal sequence.
A striking feature of the structure reported here is its regular dimensions. The pitch of the supercoil is very stable; if it varied significantly, no regular diffraction pattern could be detected. Such stability must be due to a rigid conformation of the junctions established between the sticky ends. The lateral distance between neighbor molecules in the crystalline regions is rather large; no apparent direct contacts appear to be possible. This observation indicates that the coiled coils have an intrinsic stability that is not due to packing interactions in the crystal. Furthermore, the partially ordered molecules maintain the same pitch. Because it is possible to observe clear layer lines up to order 30, it can be estimated that the pitch of individual coiled coils varies Ͻ1%, even in the partially ordered regions. The high concentration and orientation of molecules may help to maintain the dimensions of the coiled coils in their minimum energy conformation with negligible fluctuations.
Because of the limited resolution of our patterns, we cannot propose a definite model at the atomic level of the coiled coils we have observed. In particular, the structure at the junctions cannot be modeled from the data presently available. Nevertheless, we tentatively suggest that the duplexes are in the Hoogsteen conformation. As noted in Results, simulation of continuous diffraction shows much better agreement with a Hoogsteen form. Furthermore, the stacking reflection occurs at a relatively small spacing, 3.25 Å, in agreement with the value found (7) for the Hoogsteen duplex d(ATATAT) 2 .
We have observed the diffraction pattern of a DNA coiled coil with the expected splitting of the layer lines of the original DNA duplex, a feature that had only been studied in protein ␣-helices (16, 17, 20, 21) . Similar coiled coils may be obtained from other oligonucleotide sequences that generate duplexes with sticky ends. Changes in DNA structure may have an epigenetic significance in genome architecture. Straight͞coiled-coil and WatsonCrick͞Hoogsteen transitions may be structural signals of relevance in the higher-order genome structure of noncoding sequences such as the centromere (29) .
